Abstract. The first multi-year contributions from organic functional groups to the Arctic submicron aerosol are documented using 126 weekly-integrated samples collected from April, 2012 to October, 2014 
the organic and inorganic components and Positive Matrix Factorization (PMF) enable associations of organic aerosol components with source types and regions. Lower organic mass (OM) concentrations but higher ratios of OM to non-sea-salt sulphate mass concentrations (nss-SO 4 = ) accompany smaller particles during the summer (JJA).
Conversely, higher OM but lower OM/nss-SO 4 = accompany larger particles during winter-spring. OM ranges from 7-460 ng m -3 , and the study average is 129 ng m winter, more than 50% of the alcohol groups are associated with primary marine emissions, consistent with Shaw et al. (2010) and Frossard et al. (2011) . A secondary marine connection, rather than a primary source, is suggested for the highest and most persistent O/C observed during the coolest and cleanest summer (2013), when alcohol and acid
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groups made up 63% of the OM. A secondary marine source may be a general feature of the summer OM, but higher contributions from alkane groups to OM during the warmer summers of 2012 (53%) and 2014 (50%) were likely due to increased contributions from combustion sources. Evidence for significant contributions from biomass burning (BB) was present in 4% of the weeks. During the dark months (NDJF), 29%, 28% and 14% of the nss- 
Introduction
The high rate of Arctic warming (e.g., AMAP, 2015) has led to considerable interest in the role of light absorbing components of the atmospheric aerosol (e.g., Sand et al., 2015) . At the same time, the net impact of the 5 aerosol to Arctic climate has been suggested to be one of cooling (Najafi et al., 2015) . With continued Arctic
warming, more open water may lead to more precipitation (Kopeca et al., 2016) and industrialization of the Arctic.
Correspondingly, contributions from anthropogenic and natural emissions to the Arctic aerosol are expected to change, underscoring the need to strengthen our knowledge of the Arctic aerosol in order to offer more constraints to models and enable better estimates of the impact of aerosol particles on Arctic climate now and in the future.
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Anthropogenic pollution in the Arctic, or Arctic Haze, increases during winter and remains elevated until about mid-spring due to shortened transport times from southern pollution sources and reduced deposition by precipitation (Rahn et al., 1977; Shaw, 1983; Barrie, 1986; Stohl, 2006; Law and Stohl, 2007; Quinn et al., 2007) .
Stohl (2006) Qi et al. (2017) and Xu et al. (2017) attribute 25-40% of the winter BC and about 20% of the spring BC at Alert to gas flaring in Russia with Eastern and Southern Asia making contributions to the BC of about 20% in January and about 40% in April.
The summertime Arctic aerosol has a stronger association with transport from ocean regions than continental regions (Stohl, 2006) , and it was once postulated as a representation of the background aerosol of the
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Northern Hemisphere (Megaw and Flyger, 1973) . Understanding the natural components of the Arctic aerosol is as important for climate as understanding the anthropogenic components (Carslaw et al., 2013) . For example, the impact of new particle formation from natural source emissions on summertime Arctic cloud has been estimated to cool the Arctic atmosphere by 0.5 W m -2 (Croft et al., 2016) .
Since aerosol composition measurements began in the Arctic about four decades ago, when the average 30 composition of the submicron aerosol during winter-spring was estimated to be 2 g m -3 of sulphate, 1 g m -3 of organic compounds, 0.3-0.5 g m -3 of BC and a few tenths of a g m -3 of other substances (Rahn and Heidam, 1981) , sulphate and equivalent BC (BC estimated from particle light absorption) during winter-spring have declined at three of the four northernmost observatories: Alert, Nunavut; Mount Zeppelin, Svalbard; Station Nord, Greenland (Heidam et al., 1999; Hirdman et al., 2010) . There have been no significant trends in either sulphate or BC at the and carbohydrate-like substances hypothesized to be from sea spray in spring and frost flower formation associated with new sea ice formation in winter (Shaw et al., 2010; Russell et al., 2010) . Marine sources further contribute to OM in spring and summer through emissions of biogenic volatile organic compounds or BVOCs (e.g., isoprene and terpenes) that are oxidized in the atmosphere (Fu et al., 2009a) , oxygenated VOCs (OVOCs: Mungall et al., 2017) and trimethylamines (Köllner et al., 2017) as well as from direct emissions of sea spray (Russell et al., 2010;  15 Frossard et al., 2011; . During winter and early spring, much of the OM may come from Eurasian fossil fuel sources (e.g., Behrenfeldt et al., 2008; Nguyen et al., 2013; Barrett et al., 2015) , and it is mixed with sulphates and nitrates (Weinbruch et al., 2012) . Organic acids and organosulphates measured in samples from Station Nord suggest that OM during October to April is from distant anthropogenic sources, whereas the year-round presence of organic sulphates in samples collected at Mount Zeppelin indicates contributions from local sources as well as long-
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range transport (Hansen et al., 2014) . Tracers of secondary organic aerosol (SOA) production from BVOC oxidation have been found in the late spring and summer at Alert (Fu et al., 2009a; 2009b) and in the Arctic marine boundary layer (Hu et al., 2013) . During May-September, organic acids at Station Nord suggest evidence of a relatively high biogenic influence (Hansen et al., 2014) . Summer observations from ships in the central Arctic
Ocean (Chang et al., 2011) and the southeast Beaufort Sea (Kawamura et al., 2012) , as well as spring samples from 25 Alert (Fu et al., 2015) indicate OM from both marine and continental sources. Fu et al. (2013) quantified 5% of the sampled OC, finding the largest organic compound class was primary saccharides from marine emissions (Russell et al., 2010) followed by secondary organic groups likely formed from the oxidation of isoprene and terpenoids. The snow pack is another potential source of organic precursors (e.g., Grannas et al., 2002; Kos et al., 2014) .
Reported here are the first multi-year measurements of organic aerosol composition in combination with 30 particle size distributions above 80 o N. A total of 126 weekly-averaged observations of submicron-particle chemistry and particle microphysics made at the Dr. Neil Trivett Global Atmospheric Watch observatory at Alert, Nunavut (82.5°N, 62.5°W; elevation 210 m-MSL; Fig. 1 ) from April, 2012 to October, 2014 are used to explore the relative contributions of OM to the particle size distributions, the seasonal contributions to the aerosol from OFG and offer new observations for model evaluation. Ten-day back trajectory analyses using FLEXPART, regression analyses and Positive Matrix Factorization (PMF) enable some associations of organic aerosol components with source types and regions.
Methods

Instrumental Methods
Routine outdoor high-volume samples of total suspended particles have been collected at Alert for inorganic chemistry since 1980 (e.g., Barrie and Hoff, 1985) ; those filters are not used here. In March, 2011 two filters in stainless steel holders were introduced inside the observatory, each set behind a cyclone with a 1 m cut diameter: a
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Teflon filter for inorganic analysis, and a quartz filter for organic carbon (OC) and elemental carbon (EC). Those samples are also integrated over a week to ensure detectable levels. A number of other measurements were also introduced at Alert in March, 2011, including particle number size distributions and hourly averaged non-refractory particle composition. As a special study, weekly collections of particles smaller than 1 m on Teflon filters were made for OFG analysis by Fourier Transform Infrared (FTIR) spectroscopy. The OFG samples began in April, 2012
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and ended in October, 2014, setting the temporal boundaries for the present work.
The aerosol is drawn into the laboratory through an insulated sampling stack, which is a vertically oriented 10 cm-diameter stainless steel ( 
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analytical methods and quality control remain the same as described by Li and Barrie (1993) . The quartz filters are analyzed for OC and EC by thermal volatilization using three temperature steps, as discussed by Huang et al. (2006) , Chan et al. (2010) and Sharma et al. (2017) . Here, OC from this thermal method (hereafter TM-OC) is based on the sum of OC at 550 o C and pyrolysed OC (POC) at 870 o C. Rationale for including POC comes from isotopic analyses indicating little or no carbonate in the samples. As well, POC has been found to correlate with OC and water
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soluble OC (Chan et al., 2010) .
The Teflon filters for OFG analyses were housed in a wooden box outside of the observatory at ambient temperature to reduce the potential for volatilization. For better compatibility with the other measurements, the aerosol was still sampled out of the main tube with a 0.95 cm SS tube leading from the bottom of the main tube back outside to the wooden box. Flows through the OFG were approximately 8 L min -1 , and it is assumed that the 1-2
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seconds the aerosol was resident inside the tube within the laboratory was insufficient to volatilize organic components. Also, for the relatively low ambient temperatures, the OM may be present in solid form (Zobrist et al., 2008) reducing volatilization potential. After exposure, all filters were transferred to storage vessels in a cold area of the Observatory and then stored in a freezer at -19 o C until shipped to ECCC in Toronto where the IC and OC/EC analyses were conducted. The OFG filters were shipped to Scripps Institution of Oceanography for the OFG analysis. All samples were shipped in insulated coolers with freezer packs to minimize potential for volatilization and bacterial influence.
Prior to the OFG analysis by FTIR spectroscopy, the filters were equilibrated in a temperature and humiditycontrolled cleanroom environment for 24 h. The filters are stored in sealed petri dishes held below 0 o C until they are moved from the freezer into the cleanroom for 24 hr prior to measurement in the FTIR spectrometer. The
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cleanroom is maintained at 20 o C and <40% relative humidity. A continuous N 2 purge is used in the spectrometer.
There is no evidence that the composition changes measurably during the freezer storage or cleanroom equilibration.
FTIR sample spectra were measured with a Tensor 27 spectrometer (Bruker, Billerica, MA). The spectra were baselined and fitted with peaks to identify OFG using the method described by Maria et al. (2003) , Russell (2003) , Russell et al. (2009) and Takahama et al. (2013) . Processed in that way, the FTIR spectra provide OFG mass concentrations, including alkane, carboxylic acid, organic hydroxyl, primary amine, carbonyl, alkene, and aromatic groups, through chemical bond-based measurements in atmospheric particles collected on a substrate (Russell et al., 2009 ). Alkene, aromatic, organosulphate and organonitrate groups were below detection limit for all samples.
Ketone and other non-acid carbonyl group contributions are estimated from a comparison of moles of carboxylic C-OH groups and carbonyl groups quantified; non-acid carbonyl groups (which can be present in esters, aldehydes and 15 ketones) are determined by the moles of carbonyl present in excess of quantified moles of carboxylic C-OH groups.
The moles of carboxylic C-OH and carbonyl groups for which carbonyl was not determined to be in excess had a correlation coefficient (r) of 0.84 and a regression slope of 1.0. The non-acid carbonyl is determined to be ketonic rather than aldehyde carbonyl, as absorption bands between 2700 cm −1 and 2860 cm −1 indicative of aldehydic hydrogen were not observed in the Alert spectra. Further details regarding the interpretation of spectra for 20 apportioning absorbance to moles of bond or functional group, with respective detection limits, are provided by Maria et al. (2003) and Russell et al. (2009) . Estimation of mass from these quantities is based on Russell (2003) , where moles of measured bonds are converted to the moles of comprising atoms, and values of OM are calculated from the sum of moles of atoms multiplied by their respective molecular weights. The uncertainty in OM has been calculated to be ±23% (Russell, 2003) . (Fig. S1 ), the impact of potential station influence on concentrations of particles from 100 nm to 500 nm 5 is negligible and quite small for all sizes measured with the SMPS. There is no reason to expect significant contamination of the filter samples.
Comparison of Instrumental Methods
In addition to TM-OC, OC is calculated from the OFG analysis following Russell et al. (2009 volatilization (e.g., Middlebrook et al., 2012) . The ACSM will underestimate in comparison with filters cut at 1 m diameter due to reduced particle transmission efficiency above about 500 nm geometric diameter (Liu et al., 2007) , and refractory components (e.g., NaCl) go undetected. Also, whereas the filter samples are integrated over one full week with relatively little interruption, some ACSM data is interrupted over the course of a week due to instrument problems, inlet zeroes and other disruptions of the instrument sampling line. Crystalline (NH 4 ) 2 SO 4 measured with
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an ACSM in the laboratory has a CE closer to 0.25. Here, two estimates of the CE are considered. Following Quinn et al. (2006) , the ACSM sulphate is compared with the filter sulphate to derive a CE for each weekly average: the mean of 21 CE estimates is 0.21. The lower CE values may be due in part to the presence of sulphate in particles larger than 500 nm, which could be significant based on Fig. 3 . Also, we consider a constant CE of 0.5, which has been derived or assumed in many previous studies with AMS' and is typical of organic-dominated particles 30 (Middlebrook et al., 2012) . and CoDs of 0.87 and 0.83 (p<0.01). The differences in slopes suggest that, on average, approximately 25% of the particle volume is found in the 500-1000 nm particles. Ideally, the slope of SMPS+OPC versus filter volume should be one. The lower value of 0.84 here may result from a number of issues, including relatively more particles larger than 1 m sampled through the cyclones ahead of the filters versus the OPC 1 m definition, assumption of particle sphericity for the SMPS volume estimates and the density assumptions in equation 1.
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Overall, the OFG-OM compare with the other methods for measuring the organic aerosol. The combined inorganic and OFG-OM particle volume concentration estimates compare reasonably with the volume estimates from the microphysical measurements. Hereafter, only the OFG-OM are used, and OM refers to OFG-OM. 
FLEXPART and PMF
Positive Matrix Factorisation (PMF)
PMF has been used with FTIR measurements of atmospheric aerosols to separate contributions from different sources at various locations from polar to equatorial regions (Russell et al., 2009; . PMF of the 126 PM1 massweighted FTIR spectra using scaling factor matrices calculated from baselining errors with outliers downweighted during fitting processes (as described in Russell et al., 2009 ) for "FPEAK" rotational values of ±1, ±0.8, ±0.6, ±0.4,
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±0.2, and 0 resulted in nearly identical factors. The FPEAK value of 0 was used because it had the minimum Q/Qexpected, a mathematical diagnostic that describes the accuracy of the PMF fit (Paatero et al., 2002) . Seed values of 0 to 100 (varied by 10) showed the consistency of the solutions. For 2-factor to 6-factor solutions, Q/Qexpected decreased with increasing number of factors, indicating that the measured spectra were a better fit with more factors. However, solutions with 5 or more factors included factors that had too small a fraction of the average mass to be well represented by the 126 spectra data set (≤ 5% OM), did not correlate to any source markers, and had degenerate or unrealistic spectra. The 4-factor solution was identified as the best solution because solutions with fewer factors had higher Q/Qexpected and did not sum to reproduce the original spectra as well.
Calculation of sea salt and non-sea salt quantities
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The factors 0.037*Na + and 0.251*Na + are used to remove the respective sea salt components of SO 4 = and K + (e.g., Keene et al., 1986) , where Na + is the total. Subsequently, a factor of 1. Table 1 . OM ranges from 7 ng m -3 to 463 ng m -3
15
over the entire sampling period, which corresponds closely with observations over one year at Barrow, Alaska (Shaw et al., 2010) . Average OM is 26%, 28%, 107% and 39% of the average nss-SO 4 = during winter (DJF), spring (MAM), summer (JJA) and fall (SON), respectively. The springtime increase in nss-SO 4 = relative to winter has been linked to an increase in photochemistry during the light period (Barrie et al., 1994) . A decrease in the mean EC and smaller increase in median EC than OM from dark to light (i.e., winter to spring), suggests that the roughly 20 70% in OM may results more from secondary processes following polar sunrise rather than primary emissions.
Seasonally, OM and nss-SO 4 = were lowest during the summer, with the lowest overall during the summer of 2014. Such variation is consistent with greater influence from southern latitudes that offers more temperature dependent emissions (e.g., vegetative sources or biomass burning). Similarities in MSA and ss-Na + among the three summers (respective MSA and ss-Na + median ranges: 5-7 ng m -3 and 2-4 ng m -3 ) suggest a relative steady marine influence with a lower sea spray component compared to the higher ss-Na + during winter. is the average of the densities calculated as the average of the submicron filter mass concentrations less than 0.25 mg m -3 using equation 1. At higher mass concentrations, the sub-500 nm volume deviates increasingly from the 1.35 g cm -3 curve due in part to the presence of increasing amounts of material in particles larger than 500 nm,
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confirmed by the sub-1000 nm volume points, and in part due to an increase in density mostly as a result of the higher nss-SO 4 = fractions. The OM fraction increases with lower volume concentrations and for volume size distributions skewed towards smaller particles: OM is a higher fraction of smaller particles in cleaner air. As discussed in Section 3.4, about 40% of the weekly variability in OM is associated with nss-SO 4 = .
Functional groups and oxygenation
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Time series of the functional group relative contributions to OM are shown in the bottom panel of Fig. 4 ;
OM is the sum of the five functional groups. Alkane, alcohol, acid, amine and non-acid carbonyl groups account for 42%, 22%, 18%, 14% and 5% of the overall mean OM (129 ng m -3 ), respectively. Concentrations of the acid groups (Table 1) S3 ) are an expression of the degree of OM oxygenation (e.g., Ng et al., 2010) . Over the limited range of ACSM data, the 44/43 variations are generally consistent with those of the O/C.
Monthly averages of OM, the functional groups, EC and nss-SO 4 = are shown in Fig. 5a . Seasonal patterns of most pollutants in the Arctic are generally well known (e.g., Quinn et al., 2007) . Here, the most unique 25 observation is the maximum in OM in May, one month after that of nss-SO 4 = , which is one month after the maximum in EC; the OM offset is present in each of the three springs sampled and is not a result of averaging. The peak in OM is largely due to increases in alkane and acid groups. , suggesting that the May peak in OM may be partly influenced by secondary processes associated with marine sources. The maximum in OM/nss-SO 4 = occurs in August, which is also when new particle formation at Alert is a maximum (Leaitch et al., 2013; Freud et al., 2017) . However, the August peak is entirely due to the summer of 2013: August O/C is 0.47 in 2012, 1.67 in 2013 and 0.53 in 2014 (also, see Section 3.4). Seasonally averaged, O/C is highest during winter at 0.85, which is at the upper end of values commonly observed in the atmosphere (e.g., increase in photo-oxidation potential following polar sunrise, but the differences among the three summers suggests sources may be more important here.
Potential Source Regions
Here, air parcel times over specific regions, derived from the particle trajectory model FLEXPART, are associated with the chemical components of the particles. Times are defined as percentages per month within 100 m 5 of the surface over a geographic region during the ten days prior to reaching Alert. The identified regions, shown in Tables 2 and S1 , respectively. The number of regressions with significance at the 95% and 90% levels is slightly higher using monthly averages (29% and 40%, respectively) compared with weekly averages (26% and 38%), and the explanation of variance is higher using monthly averages. Lower CoDs for the weekly-averaged results are likely due to matching of one-week samples with transport that may range from a few days to more than 10 days (e.g., Qi et al., 2017) . The broader 25 patterns are better represented by the monthly averages.
Correlations of chemical components at Alert with time spent over a region are affected by many factors other than whether or not the region emits those components or its precursors. For regions with primary emissions enhanced by wind, correlations with time may be reduced because higher winds will enhance aerosol but reduce time. For regions of significant particle precursor emissions that lead to secondary particle formation, higher wind 30 speeds may dilute emissions potentially improving correlations. Variations in deposition will alter the association of time over a region with particle components. Also, in this case sources with injection heights above 100 m may be excluded. Still, time spent over a region offers a broad indication of its potential importance for the aerosol at Alert.
Region 1 dominates the times among the identified regions of anthropogenic emissions (Regions 1-9).
Collectively, Regions 1, 4, 6 and 7 (hereafter Regions 1467), mostly covering Eurasia, comprise over 98% of those the major chemical components with relative time spent over Region 1 and Regions of 1467 are given in Table 2 .
Total months are reduced from 31 after constraining the monthly uncertainties in the FLEXPART results to less than 75%. Overall, the differences between whether the species are regressed against Region 1 or Regions 1467 are small. For all months, the highest positive correlations are for EC, nss-K + and ss-Na + , and there are no correlations for OM or the functional groups except the amine groups. When the points are confined to only the periods of the 5 dark months (NDJF) and sunlit spring months (MAM), relatively high correlations of nss-SO 4 = and nss-K + emerge for both periods. Two potential sources of submicron nss-K + are mining activities in Regions 1 and 4, particularly potash mining (e.g., Orris et al., 2014) , and sweetening of gas flaring emissions by KCO 3 . Amine solutions are also used to reduce acid gas emissions during gas flaring (e.g., Rochelle, 2009; Wu et al., 2004) , and that may be factor in the modest association of amine groups with Regions 1467. The strength of the correlations of nss-K + decreases 10 from winter to spring as the relative time over these regions decreases (Fig. 6b) 
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Longer transport times will tend to buffer variations, and OM and nss-SO 4 = with origins in Eastern and Southern There is no significant time over the Iceland region (Fig. 6) , but the present FLEXPART analysis may not account for the volcano emissions height of about 2 km and emissions transport could have been longer than 10 days. 
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CoDs and significance levels based on linear regressions are given in Table 3 . Figure 8a shows all OM data plotted against nss-SO 4 = , and Fig. 8b shows OM vs nss-SO 4 = for the dark and cleaner weeks; the associations are positive and significant at better than 95% confidence. However, there is no association of OM and nss-SO 4 = for the spring weeks (not shown), consistent with the discussion in Section 3.3 as well as the general pattern in Table 3 . Variations in OM during spring are not related to variations in the inorganic components and EC, but connections may be 20 hidden within relatively large intercepts of the regressions.
The alkane and acid groups are associated with EC during the dark weeks (Table 3) Alcohol groups are correlated with ss-Na + during the dark and cleaner weeks, but not during the spring weeks (Fig. 10) . By considering the variance in alcohol groups associated with ss-Na + concentrations above the regression intercept for the dark weeks, the fraction of alcohol groups associated with ss-Na + at Alert during the dark weeks is estimated at 54%, rising to 69% when O/C >1.
O/C is above unity for 20 of the 126 weeks (Fig. 4) Amine groups can have marine sources (Facchini et al., 2008; Köllner et al., 2017) as well as anthropogenic
sources. Here, the strongest associations of the amine groups are with ss-Na + for the dark and spring weeks (Table   3 ). Marine emissions, either primary or secondary, may contribute a significant fraction of the amine groups.
Modest correlations with EC and nss-K + during the cleaner weeks suggest contributions to the amine groups from combustion sources, possibly BB.
The limited presence of carbonyl groups (17 weeks above DL) is consistent with the observations of 20 Kawamura and Kasukabe (1996) and Kawamura et al. (2012) . Nine of the 17 weeks were during spring when gasphase carbonyls (formaldehyde, acetaldehyde and acetone) can exhibit a diurnal cycle related to snowpack chemistry during periods of ozone depletion (Grannas et al., 2002) . During these nine weeks, the acid groups and alcohol groups were much lower fractions of the OM (2% and 11%, respectively), and six of the weeks were during periods of depleted ozone ( Fig. S7 ): hours per week with ozone less than 50% of the mean ranged from 9% to 57%.
25
Carbonyl compounds moving to and from the snowpack during periods of low oxidant concentrations may have contributed to carbonyl groups in particles without increasing more oxidized groups.
Evidence for significant BB influence on the Alert aerosol was found during five of the 126 weeks or 4% of the time. A higher fraction of carbonyl groups and higher OM/nss-SO 4 = can be prominent features of BB particles ). The functional group pattern was different than the above with acid groups replacing the carbonyl groups, which may have been a more processed BB aerosol.
Positive Matrix Factorization (PMF)
PMF was applied to the OFG data to offer a further perspective on factors contributing to OM. The OFG measured at Alert may have evolved during transport, but it is unclear whether or how that may impact this PMF analysis. The optimal PMF solution was four factors with an average residual of 20%. The fractional and absolute contributions by season and for the dark and cleaner periods are given in Table 4 . A time series of the factor concentrations is shown in Fig. S6 .
Factor 1 is labelled FFC for "Fossil Fuel Combustion", as it most strongly correlates with EC (CoD=0.29),
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NH 4 + (CoD=0.27) and nss-SO 4 = (CoD=0.19). Factor FFC makes the overall largest contribution to OM (37%), and it is dominated by alkane and alcohol groups: 44% and 41%, respectively. Its absolute contribution to OM is largest in spring, and its relative contribution to OM is largest in summer. As above, most of the spring OM may originate either from outside of regions 1467 or beyond 10 days travel time. The high relative contribution of Factor 1 to summer OM may derive from residual spring aerosol and BB, the latter being most significant during the summer of groups (77%) with acid groups comprising 12%. Overall, Factor 2 represents 8% of the total OM. The largest seasonal contribution from Factor 2 is during winter when wind speeds are on average higher over the northern oceans and biological productivity is lower (e.g., Lana et al., 2011) . Factor 2 is consistent with earlier discussion showing alcohol groups closely correlated with ss-Na + (Fig. 10 ). The domination of this factor by alcohol groups agrees with the above estimate that 54% of the alcohol groups were associated with primary marine emissions.
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The third factor is labelled "Mixed". The highest correlations of Factor 3 are with two of the lowest concentration components: NO 3 -(CoD=0.21) and MSA (CoD=0.19). Overall, Factor 3 represents 18% of the OM, with the contribution reaching 25% during spring and decreasing to 13% during summer. It is comprised mostly of alkane (66%) and acid groups (24%). Alkane and acid groups are correlated with EC during the dark period (Table   3) , suggesting a significant contribution from combustion sources. During the cleaner months, the alkane groups The fourth factor is labelled "Secondary". It correlates predominantly with nss-SO 4 = (CoD=0.40) and EC groups are the largest contributor to Factor 4 followed by alkane groups at 27%. Factor 4 has the highest fractional contribution from amine groups (12%) of all factors. Many increases in Factor 4 are coincident with increases in Factor 1 (Fig. S6 ), but there are significant differences: Factor 4 has a lower CoD with EC, lower contributions from alcohol and alkane groups, and higher contributions from acid groups and amine groups. Amine groups show little association with Regions 1 and 1467 (Table 2) , and the highest CoD for amine groups in Table 3 is with ss-Na + : 5 recent observations suggest a secondary Arctic marine source of particulate amine coincident with but in smaller sizes than sea salt particles (Köllner et al., 2017) . Also, Factor 4 is the dominant factor associated with the anomalously high nss-SO 4 = during the last two months of the study, when EC was relatively low. The stronger associations of Factor 4 with nss-SO 4 = and organic acid groups and weaker associations with EC and alkane groups as well as the relatively high contributions from amine groups suggest this factor is linked with secondary processes 10 and longer transport times.
Summary
Two and a half years (April, 2012 to October, 2014) of weekly-averaged observations of organic functional groups (OFG) were combined with observations of weekly-averaged inorganic components and aerosol particle microphysics to explore the seasonal contributions from OFGs to the submicron atmospheric aerosol and potential
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sources of the OFG. These are the first multi-year observations of organic aerosol functional groups above 80 o N.
The study-average OM is 129 ng m -3 with a range of 7 ng m -3 to 460 ng m -3 , similar to OM sampled over one year at Barrow, Alaska (Shaw et al., 2010) . Seasonally, OM is highest during spring at 220 ng m -3 and lowest during summer at 65 ng m A combination of FLEXPART trajectories, linear regressions among the organic and inorganic components and PMF were used to associate the organic aerosol with potential origins with a focus on three time periods: the dark 30 period, comprising 34 weeks during November to February, inclusive; the sunlit spring period, comprising 32 weeks during March to May, inclusive; the cleaner period, comprising 47 weeks during June to October, inclusive, constrained to nss-SO 4 = less than 100 ng m -3 . The main findings follow:
1. At Alert, OM is a higher fraction of smaller particles in cleaner air. Larger particles and a lower OM fraction are associated with higher mass concentrations. On average, particle densities are close to 1.35 g cm -3 for smaller particles and lower mass concentrations, with higher values for larger particles and higher mass concentrations.
2. The annual maximum in OM occurs in May, one month after that of nss-SO 4 = and two months after the maximum in EC. The OM maximum is mostly due to increases in alkane groups and to a lesser extent acid and alcohol groups. It is coincident with the annual maximum in MSA and decreasing ss-Na + . These features
5
suggest that secondary OM from marine sources overlaps with other sources contributing OM during the spring.
3. The maximum in OM/nss-SO 4 = is in August, coincident with new particle formation at Alert.
4. Values of O/C exceeded unity for 20 of the 126 study weeks, 10 of which were during the dark period when the fraction of alcohol groups was highest. Approximately 54% of the alcohol groups were associated with ss-Na + , leading to the conclusion that higher O/C during the dark period is mainly associated with sea spray, as at , EC and OM, respectively, were associated with transport predominantly over the gas flaring region in Northern Russia, and Eurasia in general.
8. During the spring period, 11% each of nss-SO 4 = and EC were associated with transport over the region of Northern Russia and Eurasia, with no association for OM. The difference between OM and nss-SO 4 = may be due to differences from volatilization and SOA production during transport as well as potentially more OM
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originating from outside of Eurasia and from marine sources.
9. Large percentages of the Arctic Haze characterized at Alert (>60%) likely have atmospheric residence times longer than 10 days from their origin and/or are from outside of the Eurasian region.
10. In 4% of the weeks, there was evidence for a significant contribution from BB, coincident with forest fires in Siberia and the Canadian Northwest Territories.
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11. Nine of 17 weeks with detectable carbonyl groups occurred in spring when snowpack chemistry can be a significant source of gas-phase carbonyls (Grannas et al., 2002) .
12. Unusually high nss-SO 4 = and OM concentrations and relatively low EC were observed from September 16 to October 14, 2014. Possible sources may be the 'Smoking Hills' in the Canadian NWT or volcanic emissions.
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